In Brief
Previous behavioral work shows that mosquitos hear sounds just a few centimeters away. Menda et al.'s behavioral and physiological experiments show that Aedes aegypti mosquitos can hear up to 10 m away. Notably, the vowel sounds of human speech contain frequencies that are spoken at levels which, in principle, are audible to mosquitos.
SUMMARY
Mating behavior in Aedes aegypti mosquitoes occurs mid-air and involves the exchange of auditory signals at close range (millimeters to centimeters) [1] [2] [3] [4] [5] [6] . It is widely assumed that this intimate signaling distance reflects short-range auditory sensitivity of their antennal hearing organs to faint flight tones [7, 8] .
To the contrary, we show here that male mosquitoes can hear the female's flight tone at surprisingly long distances-from several meters to up to 10 m-and that unrestrained, resting Ae. aegypti males leap off their perches and take flight when they hear female flight tones. Moreover, auditory sensitivity tests of Ae. aegypti's hearing organ, made from neurophysiological recordings of the auditory nerve in response to pure-tone stimuli played from a loudspeaker, support the behavioral experiments. This demonstration of long-range hearing in mosquitoes overturns the common assumption that the thread-like antennal hearing organs of tiny insects are strictly close-range ears. The effective range of a hearing organ depends ultimately on its sensitivity [9] [10] [11] [12] [13] . Here, a mosquito's antennal ear is shown to be sensitive to sound levels down to 31 dB sound pressure level (SPL), translating to air particle velocity at nanometer dimensions. We note that the peak of energy of the first formant of the vowels of the human speech spectrum range from about 200-1,000 Hz and is typically spoken at 45-70 dB SPL; together, they lie in the sweet spot of mosquito hearing.
RESULTS
The astounding sensitivity of the mosquito antennal hearing organ was demonstrated in tour de force studies using Doppler laser vibrometry (DLV) to measure the extraordinarily sensitive nanoscale antennal displacements due to the sound-induced velocity of air particle movements [9, 10] , due in part to metabolically dependent amplification mechanism that augments auditory sensitivity, particularly near the auditory threshold [11, 12] . Robert and Gö pfert's elegant investigations lay the groundwork for the possibility that mosquitoes might be capable of long-distance hearing. Our experiments provide the experimental evidence that Aedes aegypti hear and use low-frequency tones at a long distance, from several to 10 m. First, behavioral experiments with free-flying Ae. aegypti show that males respond to acoustic stimuli of female mosquito auditory flight tones over a distance of 3 m. Second, neural recordings from its antennal auditory nerve reveals high auditory sensitivity to pure tones resembling flight tones from 1 to 10 m away. These neurophysiological data support our behavioral findings, confirming longdistance auditory functionality.
We tested the auditory sensitivity of male mosquitoes to female flight tones by adapting a classic animal behavior protocol [1] . Roth found that undisturbed male Ae. aegypti mosquitoes took flight and flew quickly toward an audible 400-Hz tone made by a nearby (from one centimeter to tens of centimeters away) tuning fork placed on or near a wall of a gauze cage to block visual cues [1] . Similarly, we tested the auditory response of males in groups of 75 to 100, with animals contained in a square cage (40 3 40 3 40 cm) made of cotton gauze, or one at a time in a smaller, cylindrical (10 cm long 3 9.5 cm in diameter) gauze flight cage (Figures 1 and 2) . The gauze material did not introduce any spurious resonance energies as measured by DLV. Our goal was to investigate auditory sensitivity to distant (meters away) acoustic stimuli generated by a speaker and under acoustically controlled conditions within a sound-proof, low-noise, anechoic chamber (see STAR Methods for details regarding the anechoic chamber). Auditory reactions were probed using acoustic stimuli that consist of previously recorded flight tones of tethered, flying conspecific females [4] , and pure tones (Figures 1 and 2) . All experiments were recorded using a GoPro camera in dim light or a Point Grey infrared camera (750-800 nm l). The acoustically triggered flight behaviors demonstrate that male Ae. aegypti respond briskly and instantaneously to supra-threshold flight tones (about 400 Hz) of conspecific females, even at distances of 3 m ( Figure 2 ). This is a flight initiation reaction-that is, we could not determine if the flight was directed toward the speaker due to space limitations within the flight cages. To determine whether this response could be mediated by the Johnston's organ (JO)-the known hearing organ of mosquitoes-we then performed extracellular neural recordings inside the anechoic chamber ( Figure 3 ). Recordings were made from the Johnston's organ nerve, after it exits the organ's ''bulb'' at the base of the antennae ( Figure 1B, right) , using a 4 MU insulated (except at the tip) extracellular tungsten microelectrode (MicroProbes; A-M Systems, headstage and 1800 amplifier). We measured the Johnston's organ nerve responses to sinusoidal tones played from a loudspeaker at a range of sound amplitude levels (25-90 dB sound pressure level [SPL]) and frequencies (150-350 Hz, 10-Hz intervals). After initially observing the frequency responsivity of a given recording site in the Johnston's organ, a set of pure-tone frequency stimuli was selected, generated, and presented in pseudo-random order by a custom-written MATLAB program. Neural activity was recorded at 20 kHz using the Spike Hound software package [14] and scored using a simple thresholding scheme. Responses to a given tone were determined to be significant if neural activity (the number of threshold-determined spikes per unit of time) during the stimulus was significantly greater than neural activity during the between-stimulus intervals (see STAR Methods for full details). Neural response data corroborated behavioral experiments in the sense that the Johnston's organ nerve showed sensitivity to relatively low (150-350 Hz) stimulus frequencies ( Figure 3 ; STAR Methods), and the data are similar to tunings recently reported for auditory neurons in the Johnston's organ of male mosquitoes of the species Culex pipiens [15] . As in the flight behavior experiments, these neural responses were recorded with the stimulus loudspeaker placed at a distance of 3 m from the mosquito-the maximum distance possible given the dimensions of the anechoic room. Significant neural responses from the male Johnston's organ nerve were obtained in response to 150-to 350-Hz tones at sound amplitude levels as low as 31.3 dB SPL (average: 46.8 dB SPL). An SPL of 31 dB corresponds to an acoustic particle velocity of U rms z1:7mm/s. Similar recordings made from the female Johnston's organ nerve to 150-to 350-Hz tones revealed a lesser sensitivity than in males, but they were still as low as 43 dB SPL (average: 60.4 dB SPL) ( Figure 3 ). To directly address the dependence of the response on the stimulus-to-animal distance, we conducted an additional set of neural experiments in a spacious, obstaclefree athletic arena and indoor running track that approximates an acoustic free field. Stimulus-related responses from the Johnston's organ nerve were again evident, even when the loudspeaker was placed as far as 10 m away, and they again showed greatest sensitivity in the 200-to 400-Hz range ( Figure 4 ). We conclude from our measurements of flight initiation behavior and Johnston's organ nerve recordings that Ae. aegypti mosquitoes respond to acoustic signals at distances beyond the canonical acoustic ''near-field,'' a range usually defined as stimulus-toreceiver distances of less than 1/6 to 1/3 of the wavelength (l) of the stimulus signal [16, 17] . For a 400-Hz tone (l = 90 cm), the near-field range would be 15 cm and 30 cm, respectively. Thus, neurobehavioral responses of male Ae. aegypti mosquitoes to a 400-Hz sound source 3 m away is almost 10 times longer than the a priori near-field-based presumption predicts. The Johnston's organ recordings made in the acoustic free field arena revealed neural responses to salient sound frequencies from a distance of 10 m, which is 33 times greater than the canonical acoustic near-field. The actionable acoustic space we measured is inarguably beyond the acoustic near-field, and it falls instead within what is customarily considered the acoustic far-field. Despite the fact that the Johnston's organ is a hairbased particle-velocity sensor, heretofore assumed to be an acoustic near-field sensor, our neural recordings from the mosquito Johnston's organ suggest that this organ is likely involved in the perception of these acoustic signals [7, [16] [17] [18] .
DISCUSSION
It is well known that mosquitoes use short-range, wingbeatgenerated auditory signals in their mating behavior, a behavior called harmonic convergence in Ae. aegypti [4] and rapid frequency modulation in Culex quinquefasciatus [19] , where behavior takes place over a distance from millimeters to a few tens of centimeters. The antennal hearing organs of these dipteran insects (including Drosophila) are commonly assumed to have an operational range of millimeters to centimeters and by inference are assumed to operate within the acoustic nearfield [7, 8] . Our data challenge a common assumption that arthropods with hair-based auditory organs, like the mosquito Johnston's organ, are restricted to hearing in the acoustic near-field [7] [8] [9] . These hair-based auditory organs sense fluctuations in the particle velocity component of sound that is typically thought to extend out to about 1/6 to 1/3 l from the source, described as the acoustic near-field [16-18, 20, 21] . Hearing at distances beyond this near-field limit is usually assumed to occur in the acoustic far-field and to be mediated instead by tympanum-based hearing organs that are sensitive to fluctuations in air pressure induced by the traveling sound wave [8, 9, 21] . But even within the acoustic far-field, the acoustic traveling wave is still carried by vibrating air particles that retain their acoustic source velocity, even if the intensity is highly attenuated (see STAR Methods for analytical discussion). Recent work in jumping spiders demonstrated that stimulation of a single sensory Figure 1 ) and presented with either a male flighttone stimulus (blue; n = 9 groups) or a female flight-tone stimulus (red; n = 10 groups). Both stimuli were presented at two intensity levels: low (40 dB SPL; solid color bars) and high (65 dB SPL; hashed color bars). Male responses to female tones exceeded responses to male tones, and responses to higher-intensity tones exceeded responses to lower-intensity tones. Bars indicate the percentage of male mosquitoes that initiated flight in response to tone activation; error bars extend to 1 standard deviation. Mosquitoes were allowed to rest for 5 min between intensities and 40 min between tone types; the type order was randomized between groups. All differences are statistically significant (Mantel-Haenszel Test, p < 0.01).
(B) Responses of individually caged male mosquitoes to acoustic stimuli consisting of male or female flight tones at an intermediate intensity (50 dB SPL; see Figure 1C ). Each male experienced both stimuli in randomized order with 5 min between tests. Of 38 individually tested males, 17 responded to female flight tones, while only one male of 38 tested responded to male tones. Bars and error bars are as in (A), and differences are statistically significant (t test, p < 0.001). See also Videos S1 and S2.
hair is sufficient to mediate far-field acoustic stimulation [22] , and here in the mosquito Ae. aegypti, we show that its hair-based Johnston's organ-a particle velocity-sensitive ''ear''-functions at operationally defined acoustic far-field distances. The problem lies in the implicit assumption that ''far-field'' is a term for distance measurement as well as a proxy term for acoustic detection of fluctuating air pressure by tympanal membranes [16-18, 20, 21] .
It is time to re-examine the a priori assumption or expectation that near-field and far-field hearing are served by two different kinds of hearing organs: hair based, for near-field hearing, and membrane based, for far-field hearing [7, 8] . Instead, it is necessary only that an auditory receptor be sensitive enough to be excited by the periodic air-particle movements that compose the propagating sound wave to transduce these nanoscale movements into neural excitation in the organ's sensory cells. In male mosquitoes, sound-induced movements of the antennae as miniscule as 7 nm can be detected [10] . We show that in its auditory neurophysiology and its flight behavior, Ae. aegypti males respond to salient auditory signals in the operationally defined acoustic far-field with velocity-sensitive hearing organs, heretofore assumed to be acoustic near-field sensors.
Our findings on mosquito hearing open a new window in acoustical science that extends beyond the previously described short-range intersexual mating signals of interest to behavioral entomologists. The mosquito Johnston's organ-antennal auditory organ can be regarded as a micro-nano-scale microphone, and its design features can be applied to practical audio microphone design [23] . Reference [23] is the first report that demonstrates the ability to detect acoustic velocity (rather than pressure) in the acoustic far-field through the use of a fine fiber. The fiber is driven entirely by viscous forces that depend on acoustic velocity, as are mosquito antennae. Since the earliest days of audio technology (i.e., microphones invented by A.G. Bell and T. Edison), all of the billions of microphones that are made each year continue to be designed to detect pressure rather than velocity. While it is noted that some microphones are referred to as ''velocity'' microphones, such as ''ribbon microphones,'' they and all other microphones include a thin membrane or ribbon that is acted upon by pressure differences on either of its planar surfaces; they are not driven by the motion of the air in the sound field and hence are not responding to the fluctuating air velocity. These microphones do not depend on the viscosity of air, which is essential when using a fine hair or fiber to detect sound. The misconception that one must detect pressure when the sound source is at a significant distance from the sensor has thus permeated the broad field of acoustics in general and has blinded microphone designers to effective methods used by many animals such as spiders and mosquitos to detect acoustic velocity. Hence, a significant contribution of this paper is the demonstration that, indeed, an animal can detect sound at substantial distances from a sound source by using an ear that responds to acoustic velocity (through viscous forces acting on fine hairs) rather than an ear that responds to pressure fluctuations through the use of a tympanum. In addition to broadening the focus of the bioacoustics community, this result could have broad impact on acoustic technology by encouraging biomimetic innovation in acoustic flow sensing [23] .
Finally, the ability of male and female mosquitoes to hear extremely faint 150-to 600-Hz conspecific flight tones has interesting implications for their human hosts. Aedes aegypti mosquitoes do not form large outdoor mating swarms as do other mosquitoes, such as the malaria-carrying Anopholes species complex. Instead, Aedes forms small swarms around its human hosts, whether in open air or in houses [24] [25] [26] . It is well known [27, 28] that the frequency spectra of human speech, particularly for vowels and diphthongs, exhibit prominent peaks (formants) over a broad bandwidth from 200 to 700 Hz, which is well within the ''sweet spot'' of hearing in Ae. aegypti. Our experiments show that these mosquitoes can hear within this bandwidth over a distance of several meters. Moreover, given that the sound level of normal conversational human speech averages about 60-70 dB SPL [27] , it is entirely possible for Aedes to eavesdrop on their hosts. Entomologists had made similar conjectures at least as far back as the early 1900s [29] . However, whether spoken speech is an attractive cue for mosquitoes was not an explicit aim of our study and not the point of this report. It is abundantly clear that female mosquitoes deploy multiple sensory modalities, such as olfaction, taste, thermal sensing, and vision, to zero in on human hosts [30, 31] . Adding hearing to this multi-modal search strategy would confer complementary advantages; sound propagates in air at 344 m/s, and since the Johnston's organ-antennal organ detects particle velocity, which is intrinsically a directional vector, the location of a human speaker would be betrayed almost The vertical axis shows the minimum intensity (decibels SPL) at which neural responses from a given mosquito surpassed the detection threshold for any tone in the 150-to 350-Hz range (10-Hz intervals; 300 ms of pure tones with trapezoidal envelope: 300 ms total with 50 ms linear ramp at onset and offset, separated by 200 ms). Tests consisted of 16 repeats of each frequency presented in pseudo-random order at a given amplitude level. Threshold-based spike detection was used to score neural activity (see STAR Methods for full details). Response to a given 300-ms tone was determined to be significant based on a t test of during-tone activity versus neural activity when the stimulus was not present. The minimum detection threshold was defined as cases in which there were more than 8 significant responses to a given frequency. The thick black center line in each box represents the mean, boxes extend to the 25th and 75th percentiles, and whiskers extend to the 99th percentile of a normal distribution. Individual dots show results from each individual. Differences between groups are statistically significant (non-paired t test, p < 0.001; female n = 10; male n = 11).
instantly and at a distance. Then, as the fly homes in on its hosts, their more proximate thermal and olfactory cues would likely reinforce the carbon dioxide cues produced from ordinary respiration and speech.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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We would like to thank Lauren Cator for providing the mosquito flight tone recordings, Sylvie Pitcher for providing us with mosquitoes, Jay Stafstrom for manuscript comments, Charles Walcott for video assistance, and Ethan For all experiments, animals were positioned 3 m from the loudspeaker. Long-distance, free-field-like acoustic setting In order to better understand the relationship between stimulus-to-animal distance and stimulus perception, we needed a space that was both large (to simulate an acoustic free-field environment without the acoustic reflections, etc., of an enclosed space), and controlled enough to enable us to perform neurophysiological recordings. For these purposes, we performed a set of experiments (see Figure 4 ) in the Barton Hall field house on the main campus of Cornell University in Ithaca, NY (full address: 117 Statler Dr., Ithaca, NY, USA 14853). Barton Hall is a large building, covering nearly 2-acres and houses a 200 m soft synthetic athletic track and with a $25 m high ceiling. A full neurophysiological recording setup, complete with vibration-isolating table, was set up in the center of the building, 25 m from the nearest wall. The stimulus speaker was placed a given distance from the recording rig (see Figure 4) , and a full set of tones (50-2050 Hz, 100 Hz intervals) for four distinct amplitudes was played at each distance, with each amplitude-frequency combination presented a total of 16 times and presented in pseudorandom order. Only the researchers were present in the building when the experiments were performed.
Behavioral experiments Experimental setup
All behavior experiments were performed with male mosquitoes Aedes aegypti (4-10 days post emergence) either housed in a group ( Figure 1B left; Figure 2A ) or individually ( Figure 1B center; Figure 2B ). Cages were constructed of sound-transparent, sheer cotton gauze to permitted video monitoring of mosquito responses (quietly hanging from the walls or ceiling or in flight; see Verification of airborne cues subsection below regarding testing to determine if acoustic stimuli cause vibratory-based stimuli). In group tests, 75-100 male mosquitoes were placed together inside a 40x40x40 cm cage. In individual tests, single male mosquitoes were placed inside a tube-shaped cages (10 cm. long, diameter 9.5 cm). Mosquito cages were left in the room and undisturbed overnight to permit acclimation of the insects to surroundings. Stimulus and experimental design Stimuli consisted of previously made recordings of male or female Ae. aegypti flight tones while in tethered flight [4] . Stimuli were played for a duration of 5 s. In the group experiments, animals were allowed to rest for 5 min between intensities and 40 min between tone types. The tone type order was randomized for each group, and tone intensities within each type were also ranomized. For the experiments with individually housed mosquitoes, animals were given 5 min between tones.
Verification of airborne cues
To verify that mosquitoes were indeed responding to airborne stimulus cues and not substrate-borne vibratory cues or visual cues produced as a side-effect of the acoustic stimuli, we preformed two sets of additional tests.
First, we confirmed that the cotton gauze walls did not generate any measurable mechanical resonance-based displacement due to the acoustic stimuli by using a laser vibrometer (OFV-534, Polytec Inc.). We found that the airborne acoustic stimulus produced no measurable vibrations at the frequencies and amplitudes used in the current study, suggesting that mosquitoes were not experiencing the stimulus via substrate-borne cues.
Second, to ensure that mosquitoes were not using visual cues-either from the cage or, in the case of the group trials, from other mosquitoes-we tested the acoustic response under two conditions: under low level ambient light (to permit traditional videography using a GoPro Hero 3+) and under infrared-only conditions (illumination provided by an infrared LED and recorded using an 750-800nm infrared sensitive camera outfitted with an infrared-sensitive lens sensitive; Point Grey Firefly) in which there was no visible light present. While the responses were essentially identical, the majority of experiments were conducted under the low-light conditions.
Neurophysiology

Experimental setup
Physiology recordings were conducted within the confines of the anechoic room and Barton Hall with near-identical equipment and methods. A mosquito was gently inserted into a pipette tip and fixed in place with Kerr dental sticky wax (58 C melting point). Extracellular recordings were made using a 4 MU glass-insulated tungsten electrode (MicroProbes Inc.), inserted through a small hole in the cuticle below the Johnston organ. The actual electrode insertion point was based on external morphological features that were readily identifiable under a stereomicroscope (Leica Wild M3Z; maximum magnification of 800x). The electrode placement was guided by stereotactic micromanipulators (Narishige MM-3). Once in place, the electrode was advanced using a digital hydraulic microdrive (David Kopf Instruments Model 607W). A second sharp tungsten electrode was inserted into the thorax to serve as a ground. Electrical activity was amplified by an extracellular headstage (A-M Systems Model 1800) and a differential AC microelectrode amplifier (amplified 10,000x; bandpass filtered 100 Hz-5,000 Hz with a 60 Hz notch; A-M Systems Model 1800). This analog signal was then converted into a digital signal (National Instruments PCI-MIO-16E-1) and recorded on a PC (Windows 7) using the data acquisition software Spike Hound [14] , at either 15,000 or 20,000 samples per second. Typical recordings yielded one to three clearly distinguishable spiking units based on amplitude and recordings were typically stable for tens of minutes to hours. Signal thresholding was used to determine the presence of increased neural activity.
In the Barton Hall experiments, a vibration-isolating air table was used to minimize vibrations from the building and external environment. In the anechoic chamber experiments, because the room was specifically designed to eliminate such external sources of noise, the animal setup was fixed to a solid metal plate for stability. Stimulus and experimental design Acoustic stimuli were generated using custom-written MATLAB programs and were played via a studio monitor speaker (Mackie HR824) driven by a stereo amplifier (Nikko NA-790). Sinusoidal tones (trapezoid shaped, 300 ms duration, 50 ms rise and fall time; 200 between tones) were presented at 4 intensity levels (25-90 dB SPL) over the following ranges: 150-500 Hz (50 Hz intervals), 150-350 Hz (10 Hz intervals), 50-2050 Hz (100 Hz intervals). As stated in the main text, neural recordings were typically stable for tens of minutes to hours. However, given the variability in recording length and the fact that there is likely amplitude and frequency-based detection variability between individuals and between neurons within individuals, efforts were made to maximize the number of cases where it could be determined if there was a significant neural response within the Johnston's organ nerve to a given frequency at a given amplitude. Thus, a range of stimuli were first played at relatively high amplitudes until a response was noted by the experimenters. Based on this initial response, a custom-written MATLAB program was used to generate and present a full set (16 repeats per frequency-amplitude combination) of tones for this frequency at a range of amplitudes, with stimuli presented in pseudorandom order.
A calibrated ¼-inch microphone (B&K 4135, amplifier B&K 5935; calibrated with a B&K 4420 piston phone) was oriented toward the sound source and placed within 5 cm of the animal so that the distance between the source and the microphone was equal to the distance between the source and the animal. Microphone signals were converted from analog to digital and recorded in the same manner as the electrophysiological recordings.
Verification of airborne cues
As previously mentioned, because airborne acoustic stimuli can cause cross-modal effects by generating substrate-borne vibrations, we used a laser Doppler vibrometer (OFV-534, Polytec Inc.) to ensure that mosquitoes were experiencing the stimuli as airborne cues as opposed to substrate-borne vibrations. The laser was focused onto various parts of the experimental setup while playing the acoustic stimuli, including the support under the animal, the micromanipulator holding the electrode, the electrode holder, the electrode, and the animal itself. None of the acoustic stimuli used in our experiments resulted in measurable vibrations at any of these locations.
QUANTIFICATION AND STATISTICAL ANALYSIS
Acoustic Data
Definitions of acoustic terms Sound levels have been expressed using the common approach of calculating Sound Pressure Level, SPL. The SPL is defined to be SPL = 20log 10 p rms p ref
Where p rms is the square root of the mean of the squared pressure (root-mean-square) and p ref = 20 10 À6 pascals is the reference pressure. When characterizing the response of ears or sensors that respond to acoustic velocity rather than pressure, it is sometimes beneficial to express the field in terms of the Sound Velocity Level, SVL. This can differ from SPL when the relationship between pressure and velocity differs from that for a plane acoustic wave. The SVL is typically computed as
Where v rms is the square root of the mean of the squared velocity (root-mean-square) and v ref = 8 10 À8 meters/second is the reference velocity. This reference velocity is chosen so that if the sound field consists of a one-dimensional plane wave, the sound velocity level is numerically equal to the sound pressure level, SVL = SPL. Analytical discussion of pressure and velocity It is well known that propagating sound fields involve time varying fluctuations in both pressure and the velocity of the medium. Depending on the nature of the source of sound, at distances from the source that are appreciable relative to the sound wavelength, and when reflections do not significantly influence the field, the sound field can be described as a plane propagating wave. In this case, acoustic fluctuations in pressure, p(t), are related to those of the velocity, U(t), of the medium by the well-known relation, pðtÞ=UðtÞ = rc, where r is the nominal density of the medium (i.e., the air), andc is the speed at which sound waves propagate. In air, rcz415 pascal-s/m. The pressure and velocity are thus simply related by a physical constant. The sound pressure level, SPL, is related to the root-mean-square (rms) pressure, P rms by SPL = 20log 10 ðP rms =p ref Þ where P ref = 2 10 À5 pascals is the standard reference pressure. The rms velocity of the medium is then U rms = P ref 10 SPL=20 =rcz5 10 À8 10 SPL=20 . An SPL of 31 dB then corresponds to an acoustic particle velocity of U rms z1:7microns/second.
Behavior experiments
Whether housed in groups or individually, male mosquitoes typically land on the walls of the cage after allowed to acclimate inside the cage for a few minutes (see Video S1 and Video S2). We were therefore able to score ''responses'' as when a given male initiated flight within 50-200 ms after the onset of the sound stimulus. The scoring of behaviors was based on videos recorded using a GoPro HERO3+ camera in dim light, or a Point Grey (Firefly) infrared camera (750-800 nm l) with illumination provided by an infrared LED, and were done using a custom-written MATLAB program that tracked individual mosquitoes, and determined if they moved during the defined 50-200 ms response window. Video data was also scored by hand by scoring whether each mosquito moved during the defined response window. Statistical significance was determined using the Mantel-Haenszel Test (see Figure 2A ; group-housed males presented with a male flight-tone n = 9, presented with female flight-tone n = 10) or t test (see Figure 2B ; single-housed males presented with both male and female flight tones, n = 38).
Neurophysiology experiments
As noted in the main text, recordings typically resulted in 1-3 distinguishable spikes, with activity (the presence of a spike) determined using a simple thresholding scheme. To determine whether activity during a tone was significantly different from background activity, we used a t test to compare the number of threshold-based spikes per unit time during the stimulus to the number of threshold-based spikes per unit time that occurred when the stimulus was not present. To insure that this measure of ''non-stimulus'' background activity was not unfairly biased by the global statistics of the recording, ''silent-shuffled-periods'' were generated by taking spike times from non-stimulus portions of the recording, shuffling these times, then sampling them to generate > 100 ''non-stimulus background responses'' with durations equal to that of the stimulus tone. This process insured that we had a notion of background neural activity that was specific to a given recording site.
For each frequency-amplitude combination, 16 tones were presented. If more than half (9 or greater) resulted in a statistically significant response based on our t test, we concluded that the given frequency was detectable at the given amplitude.
In the experiments shown in Figure 3B , mosquitoes experienced 16 repeats of tones with frequencies from 150-350 Hz at 10 Hz intervals for a single amplitude level. The amplitude of the signal was then adjusted and the stimulus was presented again. However, because individual neurons are likely to have different frequency sensitivities and since extracellular recordings represent activity from multiple neurons, we chose to carry out our analysis of minimum detection thresholds at the level of the individual-that is, each point plotted in Figure 3B shows the minimum amplitude (dB SPL) of any tone in the tested 150-350 Hz range for a given individual that resulted in a significant response (response in > 8 repeats of the tone). We then used a non-paired t test to compare the sensitivities of male and female mosquitoes and found that they were significantly different, with males demonstrating a greater sensitivity (non-paired t test, p = 7.73 3 10 À5 ; female n = 10, male n = 11).
DATA AND SOFTWARE AVAILABILITY
MATLAB codes used in experimental design and analysis are available at https://doi.org/10.17632/nnt6ynrsry.1.
